tion by animal experimentation, we first must make the assumption that gamma, delta and 'C' fibers have effects in animals similar to those in man. Available evidence indicates that this is probably true. 4,5,12
Methods
In the past 18 months we have studied spinal cord transmission of gamma-delta and 'C' responses in adult cats and Rhesus monkeys. While the animals are under cyclopropane anesthesia, the lower thoracic and lumbar spinal cord are exposed and limbs are dissected. The animal is placed in a recording frame, and a posterior tibial or sural nerve and a lumbar dorsal root are prepared for distal nerve stimulation and proximal recording with platinum wire electrodes. Spinal cord electrodes are either stainless steel or tungsten with tips 10-15 microns in diameter and electrically insulated to within ~5 microns of the tip. Bipolar recording is done with electrode tips separated approximately 1 mm.
The incoming nerve volley is monitored so that we stimulate either beta alone, beta plus gamma and delta, or the entire nerve. To determine effects exclusively due to 'C' fibers the large fibers are blocked by an inductorium stimulus; the block can be maintained by keeping the nerve cooled to 1~-16~ This stage is by far the most variable part of these experiments and we have achieved a satisfactory nerve preparation only about one-fourth of the time. Furthermore, not only is 'C' propagation in the nerve slowed down, but also nearly 50 per cent of the volume of the nerve 'C' volley is lost. More recently we have resorted to the auodal block method of Mendell and Wall 9 (Fig. 1) .
Once the animal is in the recording frame, he is placed on a respirator and maintained on Flaxedil with no further anesthetics. Initially some of the animals were made spinal preparations by high cervical cord section, but these were too fragile for our purposes.
All responses are observed after suitable amplification on a Tektronix 565 oscilloscope and photographs of the responses are made.
Following each experiment the cord recording site is electrolyzed and sectioned for histologic confirmation of electrode placement. 
Results
Our initial experiments have been reported 11,1a and will be briefly reviewed here.
Single stimulation of the sural or posterior tibial nerve below ' C ' fiber threshold but above gamma-delta threshold (3-3 volts, 0.5 msec. duration) evokes a typical response in the homolateral cord at the site of entrance (similar to that in Fig. 3 ), in the posterior spinal commissure and in the central propriospinal area of the contralateral l u m b a r and lower thoracic region. This response had been found earlier in the contralateral thoracic and cervical cord by Collins and Randt. I Repetitive stimulation (50/sec. for 300-500 msec.) at similar voltages elicits a prolonged discharge lasting several hundred msec. If the entire nerve is stimulated a b o v e ' C ' fiber threshold (80 volts, 0.5 msec.), the gamma-delta response remains and one can rarely find a later response which, because of its time course, could be due to ' C ' fiber. However, single stimulation of an isolated ' C ' fiber in a nerve has not elicited a n y response in the cord. Repetitive s t i m u l a t i o n of the entire nerve (50/sec. for 300-500 msec.) elicits a prolonged firing of up to 1 sec. in length recorded in the same location as demonstrated earlier. After blocking of the larger fibers ( Fig. 1) , a tetanizing stimulus of 'C' fibers elicits a delayed repetitive discharge, la Thus, the response to r e p e a t e d gamma-delta stimulation is a brief r e c u r r e n t discharge and the response to repetitive ' C ' C . N . S h e a l y , C. F . T y n e r a n d N . T a s l i t z Fia. ~. Recording site in lower thoracic spiual cord.
fiber stimulation is repetitive firing after a ~00 msee. delay. (Similar to that in Fig. 4 .)
Recording in the thoracic propriospinal region as above, one can completely eliminate these crossed potentials by performing a focused ultrasonie 4-segment lumbar spinal commissurotomy, n This has been accomplished in 10 cats. Most of the lesions destroyed both anterior and posterior spinal colnmissures. On the other hand, when recording in the contralateral medulla or tegm e n t u m where Collins and R a n d t 2,s found similar evoked potentials to gamma-delta a n d ' C ' fibers, we find that spinal commiss u r o t o m y eliminates only 60-70 per cent of the response. Collins and R a n d t had found t h a t almost total cervical cord transection was needed to abolish these brain stem responses. This and other evidence has raised the question of recrossing of spinal pain fibers. Our next step, therefore, was to repeat our spinal cord experiments, recording in the ipsilateral thoracic and cervical cord.
Ipsilaterally we found no response to gamnla-delta or ' C ' fibers in the anterolateral cord where there was a low threshold singlestinmlus response which was interpreted as spinocerebellar. However, in 18 eats, recorded from the central faseiculus proprius (Fig. ~) , a single stinmlus above the threshold for g a m m a -d e l t a fibers, but below t h a t for ' C ' fibers, evoked a response similar to that of the contralateral cord (Fig. 3) . Repetitive stimulation of the entire nerve at 7 volts, 0.5 msec., 50 times per sec. for 400 msec. elicited a prolonged discharge lasting about ~00 lnsec when stimulated, above 18 volts the repetitive discharge lasted more than 5 seconds (Fig. 4a) . Stimulation of isolated ' C ' fibers again elicited the delayed response similar to t h a t of the contralateral cord (Fig. 4b) .
In ipsilateral recordings, the single gannnadelta response was less prominent than in contralateral sites and occasionally was almost absent despite an excellent prolonged after-discharge to repetitive stimulation. T h e repetitive discharge to trains of stimuli was more prolonged t h a n contralaterally.
Contralateral spinal cord transection, Fro. 4 (a) Ipsilateral lower thoracic spinal cord "after-discharge" to a 500 msec. train of stimuli ( T ), ~8 volts, 0.5 msec. pulse duration, 50 cycles per second. Top line is the peripheral nerve recording; bottom line is the cord response. Vertical marker is 50 microvolts; horizontal marker is 200 msec. (b) Identical recording site and with similar train of stimuli applied to "isolated" 'C' in sural nerve (as in Fig. lb.) . Note the delayed onset of after-discharge. s e g m e n t s below t h e r e c o r d i n g site i n 4 a n im a l s , h a d n o effect u p o n t h e i p s i l a t e r a l res p o n s e . F o u r -s e g m e n t l u m b a r s p i n a l cornm i s s u r o t o m y i n a single a n i m a l a b o l i s h e d t h e crossed r e s p o n s e b u t d i d n o t affect t h e ipsilateral one.
In 3 Rhesus monkeys and in 1 tree shrew, we have demonstrated ipsilateral responses exactly the same as those in cats and found no apparent differences. We have found the experimental set-up much more difficult to control in monkeys and a number of experiments have failed because of blood-pressure problems and death in these more fragile animals.
Discussion
Several important points need elaboration. It is impossible to prove at present that the recorded gamma-delta 'C' fiber responses represent pain. Nevertheless, available evidence strongly suggests that transmission of painful sensation must be at least part of their role. 4,5,12 If we accept the striking similarities in cats and monkeys as further evidence, we can assume that there are bilateral projections of painful impulses. Mendell and Wall 9 have demonstrated that entering 'C' fiber impulses are presynaptically inhibited in the region of the substantia gelatinosa by large fiber stimulation. They have proposed a "gate" theory of pain in which large fibers and certain descending cortical connections prevent 'C' fiber impulses from entering. 14 The balance between 'C' and other fibers then would determine whether a particular impulse is painful. This theory has much to recommend it but it does not fully account for central bilateral connections beyond the substantia gelatinosa or their further central modification.
Noordenbos 1~ suggested that there are spinospinal crossings which allow constant bilateral refueling of multi-synaptic, centrally projecting pain impulses. Thus, this central cord response might be a general system for central projections of small fiber activity, activated at any level, but with such frequent cross-connections that once an impulse enters it, only total spinal transection will interrupt its central spread. Gernandt and Shimanmra s have demonstrated frequent cord crossings in the propriospinal system, in the same area where we have found responses induced by 'C' fibers. On the other hand, immediate bilateral spinal projections do occur, at least in the entering lumbar segments, with presumed further crossing at medullary or upper cervical levels. Davis et al. 6 reported bilateral pathways for visceral pain, and since bilateral pathways have now been demonstrated for somatic fibers in both cats and monkeys, it seems probable that similar pathways are available in man.
It is worthwhile to note that the anatomical site where we find impulses activated by 'C' fibers is the most primitive portion of the white matter of the cord, the propriospinal system or fasciculus proprius. This systein consists anatomically of multiple short fibers with numerous synapses. It is impossible so far to determine the percentage of crossed versus uncrossed fibers activated by 'C' and gamma-delta fibers but the possibility remains that the crossed/uncrossed ratio varies considerably. This would explain the occasional failure of an anatomically perfect cordotomy to relieve pain of the opposite side. Alternatively it is possible that what is generally considered a good cordotomy may not be high enough in the central white matter to section all crossed fibers. Even if all crossed fibers are cut, the later recovery of pain sensation reported so often in longterm cordotomy patients may be explained by increased synaptic connections of the remaining uncrossed pain fibers such as those developing in motoneuronal systems after nerve crossings. 7 Using the technique of percutaneous cordotomy, it should be possible to record in the propriospinal tract of man. A study of spinal cord lesions limited to this region should determine the extent of pain representation in this non-spinothalamic projection system.
Summary
We have reported a study demonstrating that spinal cord potentials, evoked by gamma-delta and/or 'C' fiber stimulation, project bilaterally in the thoracic and cervical spinal cords of cats and Rhesus monkeys. Since in man these same fibers are known to transmit pain, the probability that they have bilateral projections is of considerable interest in understanding the physiology of sensation.
